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Abstract 
This study aims at investigating the processing and sinterability of Zn0.92Sn0.04Bi0.02Co0.02Oβ nanosized 
powders synthesized by chemical precipitation method. Addition of tin has been reported to influence the 
non-linear properties in ZnO-based systems. The precipitates were calcined at 800°C, as determined by 
Thermogravimetric analysis (TGA) and Fourier Transform Infrared Spectroscopy (FTIR), to remove 
organic residues. X-ray diffraction (XRD) revealed zincite as a main phase with small traces of Bi2O3. 
The averaged crystallite sizes were anisotropic (60.4 nm along [100], 27.9 nm along [002] and 46 nm 
along [101]). These sizes, along with elongated shape, were confirmed by Transmission electron 
microscopy (TEM). Sintering with a relative density of 95% was readily obtained at 1000°C. However, 
comparing with the undoped sample (Zn0.96Bi0.02Co0.02Oβ), the densification rate of the currently 
investigated samples was slower at temperatures below 1000°C. This lower sintering rate could possibly 
be related to the increase in crystallinity of Bi2O3 and formation of another secondary phase (spinel 
Zn2SnO4) as seen by XRD. The phasic nature in these samples was highly dynamic; the spinel phase 
disappeared at the sintering temperatures of 1200°C and higher. Reduction in the averaged grain size was 
observed, and elemental analysis confirmed the composition of the phases previously found by XRD. The 
grain boundary liquid phase contained both Zn and Bi, indicating the plausible solubility between these 
two species. The smaller averaged grain size, in addition to the superior properties of SnO2, resulted in a 
higher breakdown voltage (1730 V/cm comparing to 310 V/cm for the undoped sample). 
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1. Introduction 
ZnO-based varistors (variable resistors) are ceramic semiconductors whose resistivity decreases by 
several orders of magnitude when a certain characteristic or breakdown voltage is exceeded. They are 
used in several fields of communication, electronics technology, and power transmission to limit 
overvoltage surges. ZnO varistors were first reported in 1971, and contained several metal oxide additives 
[1]-[3]. Homogeneity in the microstructure has been reported to be one critical parameter to greatly affect 
varistor performance [2]-[5]. Because the microstructure of ZnO varistors is composed of several phases, 
each of which serves different purposes, precise processing is required to achieve desirable properties [3]. 
SnO2 has recently been reported to possess a simpler microstructure with better non-linear features [2]. 
Unfortunately, SnO2 is difficult to sinter and is much more expensive than its ZnO counterpart [4]-[6]. 
Hence, there have been several studies on combining both materials, through the synergistic effect, to 
perhaps obtain suitable varistor properties [3]-[6]. However, there have not been many detailed studies on 
phase evolution and densification in this ZnO-SnO2 system. This work examined the phasic nature and 
microstructure of SnO2-doped varistor blocks with a composition of Zn0.92Bi0.02Sn0.04Co0.02Oβ. Chemical 
precipitation was selected to synthesize starting powdered precursors. Sinterability of the blocks was 
systematically investigated at various temperatures. All microstructural features were compared to those 
of the undoped composition.    
2. Experimental 
Lab-grade chemicals (ZnCl2, SnCl4.5H2O, Bi(NO3)3.5H2O and Co(CH3COO)2.4H2O) were mixed 
stoichiometrically in a 1M aqueous solution. Precipitates were obtained by adjusting the pH to 14 using 
an aqueous 1M NaOH solution. Calcination was done at the temperature determined from 
thermogravimetric analysis (TGA). X-rays Diffraction (XRD) and Transmission Electron Microscope 
(TEM) were employed to investigate the phase formation and morphology of the obtained nanopowders.  
Densification was investigated through bulk or geometric density measurement. The theoretical density 
was taken to be 5.713 g/cm3 (JCPDS #75-0576). Phase formation of the crushed sintered samples was 
examined by X-rays Diffraction (XRD, Rigaku, model D/max-2200/PC, 40 kV and 20 mA, Cu KD) The 
microstructure and elemental analysis were investigated by Scanning Electron Microscopy (SEM, 
Camscan, MX 2000). The line-intercept method was used to calculate the average grain size. Particle size 
distribution was done using at least 300 grains. The breakdown voltage was determined by standard I-V 
measurement at 1 mA/cm2.  
3. Results and Discussion 
The presence of organic and inorganic residues in the powders prior to consolidation and sintering is 
critical to achieving high density of the varistor blocks. TGA was employed to investigate the 
decomposition behavior and the suitable calcination temperature of the precipitates. Figure 1 shows the 
TGA profile, along with derivative weight change, which can be divided into three distinct ranges. The 
first range (25°C - 80°C) involved a weight loss of approximately 0.1% caused by adsorbed moisture in 
the precipitates. The mass remained constant afterward and started to decrease at 200°C. This second 
range ended at 320°C with a total loss of 1.1% which was likely dissociation of OH-. The third range 
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(320°C - 910°C) contributed to a weight loss of 1.0% which could be from decomposition of the nitrate 
and acetate groups [2]-[6]. 
 
 
 
From the TGA result, 910°C seems to be the most suitable calcination temperature to eliminate all 
organic and inorganic residues. However, the presence of Bi-containing compound in the precipitates 
gives rise to one processing concern. Bi2O3 has a melting temperature in the 820°C range, but the eutectic 
point between ZnO and Bi2O3 is even lower (approximately 740°C). In addition, some varistor systems 
have been reported to sinter at 1000 or lower. Should the precipitate be calcined at 910°C, there is a great 
probability that the obtained powders might be partially melted with some phases agglomerated together. 
In addition, cobalt atom might not be able to effectively enter into the ZnO lattice to form a solid solution 
which is crucial in determining certain non-linear properties. The liquid phase of bismuth induced by 
partial melting, with high diffusivity, would probably attract both cobalt and tin species into the pool of 
liquid, rendering inhomogeneous mix of the dopants. To avoid this problem, the temperature of 600°C 
was selected for calcination instead. Although complete decomposition had not been achieved at this 
temperature, a weight loss of only 0.7% was small enough not to significantly interfere the sintering 
mechanism.  
 
 
 
Fig. 1. TGA profile of the Zn0.92Bi0.02Sn0.04Co0.02Oβ uncalcined precipitate. DTG is also plotted on the left y-axis. 
Fig. 2. FTIR spectra of the Zn0.92Bi0.02Sn0.04Co0.02Oβ samples. (a) Uncalcined (as-precipitated), and (b) calcined at 600°C for 6 
hours. 
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A degree of organic and inorganic decomposition of the precipitates calcined at 600°C for 6 hours was 
demonstrated in Figure 2. The pre-calcined precipitates contained several functional groups, including 
OH- (3497 cm-1, C-H (2926 cm-1 and 2823 cm-1), CO2 (2350 cm-1), C=O (1607 cm-1 and 1385 cm-1), N-H 
(1039 cm-1, 905 cm-1 and 718 cm-1), and Zn-O (447 cm-1). The detected Zn-O bond could be due to the 
formation of intermediate zinc hydroxide compounds. Only minor traces of some of these functional 
groups remained after calcination. The calcined precipitates (Figure 2(b)) displayed predominantly the 
Zn-O peak, indicating the calcined powders were almost completely free of organic and inorganic 
residues. The FTIR spectrum of a solid-state sample was also similar to that of the calcined one (data not 
shown). 
 
 
 
 
 
Phase formation after calcination was demonstrated in Figure 3, comparing the undoped and doped 
samples. Both composition showed zincite as the main phase (JCPDS #75-0576) with minor traces of 
secondary phases determined to be α-Bi2O3 (JCPDS #29-0236). The averaged crystallite sizes were 54.3 
nm (100), 48.7 nm (002) and 45.6 nm (101) for the undoped sample, and 60.4 nm (100), 27.9 nm (002) 
and 46.2 nm (101) for the doped sample. It is interesting that the size along the c-direction (002), as 
judged by the broadening of the peak, was significantly smaller in the presence of tin. The morphology of 
the calcined particles was shown in Figure 4(a). The main particles appeared elongated, in agreement with 
the calculated aspect ratio of 2.2 (D(100)/D(002)). Also, mush smaller particles were found locating in 
between these main particles, and were believed to belong to the oxides of tin, bismuth and cobalt. Figure 
4(b) displays the particle size distribution of the calcined powders with a broad range between 30 nm and 
145 nm. The largest fraction occurred around 60 – 80 nm, coinciding with the averaged crystallite size 
along [100]. Because the characteristic length was used for the size distribution analysis, it is most likely 
that the crystals appeared to grow preferentially along [100]. 
 
Fig. 3. XRD patterns of the precipitates calcined at 600°C. (a) Undoped (Zn0.96Bi0.02Co0.02Oβ), and (b) doped (Zn0.92Bi0.02Sn0.04 
Co0.02Oβ). 
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The calcined nanopowders were pelletized and sintered at various temperatures for a constant time of 6 
hours. Figure 5 shows the sintering behavior with a continuous increase in density with temperature up to 
1000°C. The relative densities remained virtually constant afterwards, ruling out a possibility of 
significant bismuth vaporization at high sintering temperatures. Densification was also highly 
compositionally dependent; the doped (x = 0.04) samples were much lower in density at 800°C and 
900°C (still less than 60% at 900°C). However, the sintering rate was accelerated between 900°C and 
1000°C, as clearly observed by an almost 40% increase.  Hence, the sintering temperature of 1000°C 
seemed to be most suitable regardless the composition.  
 
 
 
 
 
The XRD patterns of the samples sintered at 1200°C for 6 hours are shown in Figure 6. Several 
secondary peaks emerged and could be indexed to be α-Bi2O3 (JCPDS #29-0236). The major peaks still 
remained to be zincite. It is interesting that the variation in the relative intensities among the first three 
zincite peaks was observed again (also previously in Figure 3 of the calcined powders). The undoped (x = 
0) sample displays a very tall (002) peak, pointing to a possibility of preferential grain growth along that 
direction. Further investigation is required for clarification of this issue.    
Fig. 4. (a) TEM image of the Zn0.92Bi0.02Sn0.04Co0.02Oβ sample calcined at 600°C for 6 hours, and (b) Particle size distribution of the 
Zn0.92Bi0.02Sn0.04Co0.02Oβ sample calcined at 600°C for 6 hours. The data were obtained from the TEM image in Figure 4. 
 
Fig. 5  Relative densities of the pellets sintered at various temperatures for a constant time of 6 hours. (a) x = 0, and (b) x = 
0.04. The error range was ±0.5%. 
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Phase formation over sintering temperature was demonstrated in Figure 8. In addition to α-Bi2O3 
found in Figure 6, the pyrochlore (Bi2Sn2O7, JCPDS #34-1203) and the spinel (Zn2SnO4, JCPDS #74-
2184) phases were detected. The pyrochlore was present starting from 800°C due to the reaction between 
Bi2O3 and SnO2 and disappeared at 1100°C. It has been reported that the pyrochlore dissociated through 
interacting with ZnO and became spinel Zn2SnO4 and liquid Bi2O3. These two resultant products were 
evidenced at 1100°C and 1200°C which confirmed the instability of the pyrochlore phase at high 
temperatures.  
 
 
 
 
Fig. 7. XRD patterns of the Zn0.92Bi0.02Sn0.04Co0.02Oβ pellets sintered at various temperatures for 6 hours. (a) 800°C, (b) 900°C, 
(c) 1000°C, (d) 1100°C, (e) 1200°C, and (f) 1300°C. The spinel phase was label “S”, whereas the pyrochlore was labeled “P.” 
Fig. 6. XRD patterns of the samples sintered at 1200°C. (a) Undoped (Zn0.96Bi0.02Co0.02Oβ), and (b) doped (Zn0.92Bi0.02Sn0.04 
Co0.02Oβ). 
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The complex microstructural evolution shown in Figure 7 can be utilized to explain the disparity in the 
sintering behavior between the undoped (x = 0) and dope (x = 0.04) samples. It is well-known that high 
sinterability of the ZnO-Bi2O3 system is mediated by the low eutectic point of the Bi2O3-containing liquid 
phase [7]. The very low amounts of the Bi2O3 peaks in the doped samples sintered at 800°C, 900°C and 
1000°C are testimonial to the crucial role of the liquid phase. The remaining Bi2O3 was likely in the 
pyrochlore (Bi2Sn2O7) form which gave rise to a distinct peak at 29.1° at 900°C and 1000°C. Therefore, 
there might not be as much Bi2O3 liquid phase as in the undoped samples, rendering a slower 
densification rate in the doped samples (Figure 5).  
Acceleration in sintering observed between 900°C and 1000°C and beyond in the doped samples could 
possibly be attributed to the dynamic process in the Bi2O3 phase formation as well. As mentioned 
previously, the pyrochlore dissociated into spinel Zn2SnO4 and liquid Bi2O3 (XRD patterns in Figure 8) at 
sintering temperature higher than 1000°C. The starting dissociating temperature could be even lower 
given the initially formed Bi2O3 might still remain amorphous which would be undetectable by XRD [7]-
[9]. In addition, the XRD peaks of the spinel phase also overlapped with the (002) peak of zincite, making 
it difficult to accurately determine the formation temperature of the spinel phase. 
The multiple-phase characteristics from the XRD results were confirmed by SEM in the backscattering 
(BEI) mode, as shown in Figure 8. The microstructures of the undoped (without tin) were also included 
for comparison purposes. The BEI mode allows detection of different phases whose elements are 
distinguishable by large difference in atomic mass. In the currently investigated composition, Sn and Bi 
are among the largest elements, and should appear as lighter contrast. Different from the undoped (x = 0) 
samples, the doped (x = 0.04) samples did not contain distinctive grain boundary layer. Given the crucial 
role of the liquid phase along grain boundaries, such absence could explain retardation in sintering in 
these samples. It is believed that bismuth in these doped samples, at lower temperatures, reacted with tin 
to form a pyrochlore phase which was found by XRD to be unstable at approximately 1000°C. This 
cascade of phase transformation could be somewhat confirmed in Figure 8(f) and Figure 8(h); the “white” 
phase became highly discrete at 1100°C which is coincidental with the emergence of the spinel XRD 
peaks at 1100°C (Figure 7(d)). 
With increasing sintering temperature, overall grains became larger as thermal energy facilitated 
diffusion and thus grain growth [9]-[10]. The averaged grain sizes, from the line-intercept method, were 
summarized in Table 1. The doped composition yielded smaller major grains at all sintering temperatures. 
Additionally, the grain size distribution (Figure 8) of the doped sample was much narrower (between 2.5 
μm and 15 μm, comparing to 5 μm – 30 μm for the undoped sample). The presence of crystalline 
secondary phases might serve as grain growth suppressers. Hence, tin doping resulted in both larger 
volume of grain boundary (through smaller grain size) and greater degree of grain size homogeneity 
(through the grain size distribution profile) 
 
 
 
Sintering 
Temperature (°C) 
Averaged grain size ( μm) 
x = 0.00 x = 0.04 
900 1.3 ± 0.3 0.9 ± 0.2 
1000 3.1 ± 1.1 1.9 ± 0.5 
1100 7.3 ± 2.4 5.0 ± 1.1 
1200 12.7 ± 4.4 7.4 ± 1.7 
. 
Table 1  Averaged grain sizes of the sintered samples, comparing the undoped and doped compositions. 
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Fig. 8. SEM images in the BEI mode comparing the x = 0 (left column) and x = 0.04 (right column) compositions sintered at 
various temperatures for 6 hours. (a) and (b) 800°C, (c) and (d) 900°C, (e) and (f) 1000°C, (g) and (h) 1100°C, and (i) and (j) 
1200°C. 
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Energy Dispersive Spectroscopy (EDS) was employed to further confirm the multi-phasic nature of 
this Zn-Bi-Co-Sn system. Figure 10 shows the EDS spectra at three different regions within the 
microstructure of the sample sintered at 1200°C for 6 hours. The amounts of atomic fraction are 
summarized in Table 2. The main grain of zincite was composed of both Zn and traces of Co, indicating 
incorporation of Co into the ZnO lattice. The minor grains (appears as white contrast in Figure 8(j)) 
comprised both Zn and Sn as major species, which are in agreement with the spinel (Zn2SnO4) phase in 
the XRD results. A small amount of Co could be due to a limited solid solution between ZnO and CoO. 
The presence of Zn in the intergranular phase, which was presumed to be a liquid phase of Bi2O3, might 
be caused by instrumental error. The thickness of the grain boundary phase was very thin (< 500 nm), 
which was much smaller than the size of the electron beam. Therefore, the Zn atoms could likely be 
detected from the surrounding zincite main grains. 
  
Fig. 9. Grain size distribution of the samples sintered at 1200°C for 6 hours. (a) Undoped (Zn0.96Bi0.02Co0.02Oβ), and (b) doped 
(Zn0.92Bi0.02Sn0.04 Co0.02Oβ). Only the major grains of ZnO were used in the plots. 
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The drastic changes in the microstructure with tin doping resulted in different non-linear properties. 
Preliminary investigations yielded breakdown voltages (Vb) of 310 V/cm for the undoped (x = 0) and 
1730 V/cm for the doped (x = 0.04) varistor samples. The improvement of more than five-fold was 
directly related to reduction in grain size, a critical parameter that increases the number of barriers within 
the varistor matrix [2],[7]. Other microstructural features, such as a higher degree of chemical 
homogeneity and grain size distribution, could probably be contributing to the property enhancement as 
well. 
 
 
Element Atomic % 
Main grain Minor grain  Intergranular phase 
Zn 48.68 24.57 42.21 
Sn - 10.49 - 
Bi - - 2.63 
Co 1.21 2.30 - 
O 50.10 62.64 55.16 
Totals 100.00 100.00 100.00 
Fig. 10. EDS spectra of the Zn0.92Bi0.02Sn0.04Co0.02Oβ pellets sintered at 1200°C for 6 hours. 
Table 2. EDS analysis of the doped (x = 0.04) sample sintered at 1200°C for 6 hours. 
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4. Conclusions 
Processing of Sn-doped ZnO-based nanopowders prepared by chemical precipitation was investigated. 
The obtained nanoparticles had an averaged crystallite size between 60 and 80 nm with some degrees of 
shape anisotropy. Addition of tin resulted in slower densification rate which might be explained by the 
microstructural complexity as evidenced by a multi-phasic nature of these compositions. Besides zincite, 
other phases (bismuth oxide, spinel and pyrochlore) emerged and disappeared at different sintering 
temperatures. Grain growth was likely suppressed by these secondary phases. In the doped sample, 
smaller grains were believed to result in a higher breakdown voltage comparing to that of the undoped 
varistor sample. The better property might be attributed to a higher fraction of varistor active grain 
boundaries per unit volume. In addition, homogeneity in grain size distribution might as well contribute to 
the obtained enhanced non-linear properties.  
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